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a  shell  derived  porous  carbon  with  an  extremely  large  specific  surface  area
odification  with  MnO2 for  high-performance  supercapacitor  electrodes
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a  b  s  t  r  a  c  t

Activated  carbon  (AC)  with  an extremely  large  specific  surface  area  (2851  m2/g)  and  large  pore  vol-
ume  (2.68  cm3/g)  was  derived  from  bio-waste  oil  tea shells  by  using  ZnCl2 as  the activation  agent.  The
porous  carbon  had  a  high  amount  of CO2 adsorption  (3.61  mmol/g)  at ambient  conditions  (25 ◦C, 1 bar).
Comprehensive  characterizations  including  XRD,  Raman,  SEM,  TEM,  and  TGA  proved  graphite  existed
arbon
lity
ity
sity

in  the  AC samples.  However,  the  capacitance  (146  F/g  @  0.5  A/g)  was  in the normal  range  of  carbon
materials.  By  coating  with  a  thin layer  of MnO2, the  capacitance  of  MnO2/AC  was  enhanced  significantly
(1126  F/g  @ 0.5  A/g)  without  sacrificing  the  rate capability  and  cycle  stability,  even  though  the  surface
area  was  reduced  to 23  m2/g  and  pore  volume  reduced  to 0.05  cm3/g.  A two-electrode  (MnO2/AC//AC)
supercapacitor  cell was  set  up,  the  energy  density  reached  24  Wh/kg  with  a power  density  of  275  W/kg.

©  2017  Elsevier  Ltd. All  rights  reserved.
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tly, Tesla Motors announced that its new battery pow-
(model 3) would be on the market by the end of 2017.
car has several features including: 5 star safety, 0–60 mph
, a range of 215 miles per charge, and a battery that can
d in minutes [1]. Clean energy is gaining popularity, and
y may  replace traditional fossil fuels in the car market. A
elivers high energy density with low power density, which
r long distance running, but poor for acceleration. Due to
d tolerance of high current density, the charging time of

 is normally very long (up to hours). In order to achieve
anding features mentioned by Tesla, these batteries must
gside supercapacitors [2–5].

ercapacitor has the following merits: high powder den-
charge–discharge cycle, long cycle stability, low cost, and
ental benign. Based on the above properties, a superca-
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n provide optimal power for high-speed acceleration and
under high current density (∼100 A/g) for quick charge
capacitors are also widely used in daily life, for instance:
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ckup systems, emergency systems in airplanes and high
ins [7,8]. Supercapacitors can be divided into two main
s: Electric Double Layer Capacitor (EDLC) and Pseudo

 (PC). In EDLCs, the capacitance occurs under accumula-
harge at the electrode/electrolyte interfaces; the charge
tions originate from the static force between the different

Unlike PC’s capacitance, which depends on the revisable
actions of the electrode and electrolyte [9]. Compared to

 has a higher chemical and mechanical stability, lower
esistance, and longer life span. The electrodes in EDLC are
mpiled of carbon materials, such as activated carbon (AC),

anotube, graphene and fullerene [10–12]. Among these
aterials, AC is the mostly used due to its high surface area,

bly high conductivity, chemical and physical stability, con-
pore sizes, low cost, simple synthesis, easy combination
er materials, and naturally occurring abundant sources.
absorbing property of AC is directly related to the sur-

 and pore volumes, the higher, the better. Although, for
ption in the solutions, the process is very different, which
e unexpected relationships among surface areas, pore vol-

 capacitances. Zhao and Raymundo-Pinero et al. proved

tain conditions that the capacitance decreases even if the

reas increases [13–15], this is due to small pore sizes and
le pore shapes. Chmiola and Largeot et al. pointed out that

um pore sizes are 0.7 nm and 0.8 nm for the aqueous
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e and organic electrolyte [16,17]. They suggest that pur-
igh surface area is not the proper way to get a high
ce. The theoretical capacitance of EDLC is much lower

 of PC due to the transferred electrons per unit (mass, area,
e). PC electrodes are normally made of metal oxides or

rides [6–12,14,15,18–21]. MnO2 is one of the most com-
ed electrode materials, because of its multifarious valance
h theoretical capacitance, low price, and non-toxic prop-

MnO2 crystals, different internal mesoporous tunnels can
d with point, side, and surface sharing, which benefit the
orage and ion transportations [22–24]. However, the con-

 of MnO2 is low (10−5–10−6 S/cm) [25] and the MnO2
are easy to agglomerate together which reduces the active
he electrode surface, lowering the supercapacitor’s rate
, cycle stability and capacitance. To solve these problems,

often combined with AC’s supporting matrix to enhance
on transportation and disperse the particles uniformly.
ain purpose of this research was to combine the out-
properties of AC and MnO2 together to get the synergetic
ions from both the materials. The AC (used for this project)
ed from bio-waste oil tea shells from China, it had a very

face area (>2800 m2/g), a high pore volume (>2.5 cm3/g),
CO2 adsorption uptakes (3.61 mmol/g at 1 bar, 25 ◦C). The
ce was 146 F/g (@0.5 A/g, 1 M KOH solution), which is in
al range of AC (20–300 F/g) [9], but smaller than most
cently reported results [6,26–28]. Hereby, we took the
e of large surface areas of AC to adsorb the MnO2 particles
n the surface forming a thin film-like coating. Although

urface area was reduced to 23 m2/g, the active redox areas
arge transfer were greatly enhanced, which improved the

apacitance significantly (1126 F/g @ 0.5 A/g and 975 F/g @

imental

ation of AC: Bio-waste oil tea shells from China were
n a coffee grinder (KRUPS F203) to get a fine powder.
er was mixed together with ZnCl2 (Sigma Aldrich, purity
ording to the impregnation ratio 1:3. The mixture was  put

0 ml  beaker and 150 ml  DI water was added. The beaker
ed at 110 ◦C with stirring @ 400 rpm on a hot plate (Fisher
) until a slurry was obtained. The slurry was then trans-
a boat crucible and put in a tube furnace (Lindberg blue
d at 550 ◦C for 1 h with N2 gas flow (flow rate 300 sccm).
ned sample was put in a 200 ml  beaker with 100 ml  1 M
eated at 70 ◦C and stirred @ 400 rpm for 1 h. The formed
as kept still for 20 h until most of the carbon particles

 on the bottom of the beaker, then the solution was care-
oved. The above procedure was repeated multiple times

 150 ml  DI water to wash the carbon particles until the pH
s close to 7. The obtained samples were dried in an oven
otemp oven, 300 series) at 90 ◦C for 3 days.
ation of MnO2/AC: 0.2 g of prepared AC was  transferred to

 adding 200 ml  DI water, stirring @ 800 rpm until AC par-
e uniformly dispersed in the water. 0.95 g KMnO4 (Sigma
urity ≥99.0%) was added to the solution and stirred for
om temperature. The solution was kept still overnight.

ich the solution was filtered and washed 3 times with DI
e obtained particles were dried in the oven for 24 h.
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C samples were measured by Raman spectrum (Ren-
ia Microscope, � = 633 nm). The crystal structure of the

 composite was determined by powder X-ray diffraction

(JCPDS N
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aku Miniflex II) with copper K� radiation (� ≈ 1.54 Å).
ce morphology and microstructure were characterized
Resolution Transmission Electron Microscope (HRTEM
0F with 200 kV accelerating voltages), Scanning Electron
pe (SEM, FEI Quanta 3D FEG) with Energy-dispersive X-
troscopy (EDXS), and Atomic Force Microscope (AFM,
imension Fastscan). The MnO2 content was  determined
inElmer Pyris 1 thermogravimetric analyzer (TGA) in the
ure range of 25–800 ◦C at a heating rate of 10 ◦C/min
gen (ultra high purity, Airgas) flow rate of 10 ml/min.
auer-Emmet-Teller (BET) surface areas, pore volumes, and

 distributions were measured by nitrogen adsorption and
n isotherms at 77 K using a Micromeritics ASAP2050 Sur-

 and Porosity Analyzer, the samples were de-gassed for
0 ◦C before measurements.

rochemical test

 of the obtained AC sample was combined with 10 mg
lidene fluorides (PVDF) and 90 mg MnO2/AC sample was

 with 10 mg  PVDF by careful grinding. The two were
5 ml  N-methyl-2-pyrrolidinone (NMP) solvent separately,
or 24 h. The obtained slurry (1.15 mg)  was coated uni-

 a graphite substrate (1 cm × 1 cm)  and dried in a vacuum
0 ◦C for 12 h. Galvanostatic Charge/Discharge (GCD) tests
2001A) and Cyclic Voltammetry (CV) tests (VersaSTAT 4)
formed at room temperature, by applying the standard
ctrodes method (AC and MnO2/AC as the working elec-
parately, Ag/AgCl as the reference electrode and platinum

 counter electrode) in 1 M KOH (99.98%, Alfa Aesar) elec-
lectrochemical Impedance Spectrum (EIS) was studied in
ency range from 0.01 Hz to 100 kHz with amplitude of
he open circuit potential (CHI-660).

ts and discussion

hases of AC and MnO2/AC were studied by X-ray diffrac-
own in Fig. 1a; the graphitic peaks at 26.54◦ and 45.4◦

d that graphitic phase existed in the AC (JCPDS No. 75-
,30]; the magnified XRD for AC was shown in Figure S1a.

he nano-particles inherited the structure of the biomass;
 certain amount of such sp2 hybrid structures in oil tea
ter carbonization, they converted to graphitic structure.
d be further proved by the Raman spectrum in Fig. 1b;
d (sp3) observed at 1350 cm−1 was related to the defects

ers of the structure, the G band (sp2) at 1580 cm−1 which
related to the graphitic structure [31,32], ID/IG ≈ 1.27. A
k of MnO2 was also observed at 575 cm−1 (Figure S1b).

hitic structure carbons might have originated from the
e carbon source. After carbonization, the layer structures
l tea shell were inherited in the micro-structures of AC
[33–36]. The microstructures were studied using the SEM
, at low magnification (Fig. 1c), the carbon particles had
pes; at high magnification (Fig. 1d), the layered structures
rly observed at the edge of the particles. The existence

ite like layer structures not only increased the surface
also improved the conductivity of carbon materials, which

 both adsorption and charge transportation [37,38]. After
ith MnO2/AC, the layered structures were maintained

2). The XRD peaks of MnO2/AC were indexed as the major
�-MnO2 (JCPDS No. 42-1348) and minor phase of �-MnO2

o. 24-735), weak graphitic peaks also existed (Fig. 1a).
d MnO2 particles were observed by TEM, and compared
AC samples, the low magnification TEM (Fig. 2a) showed
gher surface areas, at high magnification (Fig. 2b), the
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Fig. 1. (a) XRD of AC and MnO2/AC; (b) Raman spectrum of AC; (c) SEM and (d) TEM of AC.

f MnO

AC surfac
The surfa
of AFM (
ent size is

atri
Fig. 2. (a) Low and (b) high magnification TEM of MnO2/AC; (c) 3D AFM plot o

es covered with MnO2 particles were clearly observed. AC m

ce morphologies were also studied by AFM, the 3D plot
Fig. 2c) showed that the MnO2 particles formed differ-
lands on the surfaces. The islands were connected by the

particles 

islands w
tially coa
2/AC; (d) TGA of AC and MnO2/AC (inset: dM/dT vs. T).

x to form the complete conducting network. The MnO2

were well dispersed and the thicknesses of the particle
ere below 100 nm,  which was  similar to a thin film par-

ted on the carbon substrate. This created more redox active
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2 adsorption and desorption at 77 K of AC and MnO2/AC (inset: MnO2/AC); (b) pore

 reduced the diffusion distance. The carbon matrix with
s structure could also work as a buffer layer to release the
hich were caused by intercalation and de-intercalation

 the electrolyte during the charge and discharge process,
g the structural failures. The distributions of Mn,  O and
ts were further confirmed by STEM-EDS (Figure S3a–d),

 elements were uniformly mixed together, the signals of C
k (Figure S3d), which might be due to the top coverage of
. The MnO2 mass loading was measured by TGA (Fig. 2d).

ample residual was 9.7% (the residual might be the sili-
ther inorganic compounds in the shells), for the MnO2/AC
he residual was 44.5%, the calculated total mass loading of
s 38.5%. The mass loading was also measured by EDS, Mn
as 23.4% (wt.%), same as 37% of MnO2 (Figure S3e), this
ing helped to increase the specific capacitance. The first
ation of mass to temperature (dM/dT) showed two  main
550 ◦C and 630 ◦C (inset of Fig. 2d), which corresponded
hous carbon and graphite. This was another evidence of
existing in the samples. The BET surface areas, pore vol-

 pore size distributions were measured by N2 adsorption
rption isothermals at 77 K for both AC and MnO2/AC sam-
hown in Fig. 3a and b. The BET surface area of AC was
g, the pore volume was 2.68 cm3/g, the main region of pore
ibutions was between 1 and 4 nm,  and the average pore
0 nm.  The large surface area and pore volume of AC could

 proved by CO2 adsorption (Fig. 3c), at 0 ◦C and 1 bar (STP).
adsorption amount was 5.24 mmol/g, at 25 ◦C and 1 bar

 condition), the CO2 adsorption amount was 3.61 mmol/g,
s higher than most of the carbon materials reported by

n his CO2 adsorption review paper [39]. After coating with
sets of Fig. 3a and b), the surface area was reduced to
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e 4 nm,  and the average pore size was increased to 5.5 nm.
e pores were covered by MnO2 particles. The pores (espe-

 the micropores) had large well-potential which easily

distances
itance. It 

potential
increasin
istribution of AC and MnO2/AC (inset: MnO2/AC); (c) CO2 adsorption of

 MnO2 molecules in the solution, formed the nuclei cen-
further developed into the MnO2 islands on the surface.
sion between MnO2 particles and the AC surface was very
eventing a loss of mass during the charging and discharge

The surface of MnO2/AC was  further studied by HRTEM
4), a few uncovered pores with diameters 2–8 nm could
ed (circled in red).
clic voltammetry (CV) tests of AC and MnO2/AC electrodes
wn in Fig. 4a and b separately. The AC sample curves
uasi-rectangle shapes at low scan rates (5 mV/s, 10 mV/s),
as  typical EDLC behavior. At a high scan rate (50 mV/s

V/s), the rectangular shapes were highly distorted, this
 was  caused by the internal electronic resistances and
le ion diffusions in the micropores. The MnO2/AC sam-
s showed very strong oxidation and reduction peaks, the
d revisable redox reactions as the following [32,40,41]:

K+ + ne− ↔ MnOOKn

g to the formula:

V
(1)

is the specific capacitance, n is the number of electrons
ed in one molar electrode material during the redox reac-
he Faradic constant, M is the molar weight of the electrode

 and V is the voltage window [42].
pacitance depended on how many K+ ions (n) could be

ted and de-intercalated during the charge and discharge
he number of active redox sites played an important role,

ption of the MnO2 particles on the large surface area of
ctive sites were greatly enhanced and the ion diffusion
 were reduced, resulting in the achievement of high capac-
was observed that the oxidation peaks shifted to a higher

 and reduction peaks shifted to a lower potential with the
g of scan rates, which proved that the ion diffusions at
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 rates required more energy. This phenomenon also had
ion with the electrode polarization [43,44].
lvanostatic Charge/Discharge (GCD) tests were shown in
d d, both curves are asymmetric. The nonlinear parts of
caused by the near saturation of the ions on the surfaces

 humps appeared in the discharge curves of MnO2/AC,
ding to two redox reactions, these were due to the multi-
lence states of MnO2. With increasing the scan rates, the
ding IR drops increased for both samples, which were:

12 V, 0.22 V, and 0.55 V for AC and 0.03 V, 0.04 V, 0.06 V,
 V for MnO2/AC at the scan rate of 0.5 A/g, 1 A/g, 2 A/g,

 correspondingly. The comparison of IR drops was shown
. The mechanism of EDLC is the charge accumulations
erfaces between electrode and electrolyte caused by the
tic force of different charges. For AC, the capacitance is

om the charge storage in micropores. Before entering the
e, the solvated ions in the electrolyte had to go through de-

 or distortion to fit the micropore size [14–17,41,45,46],
oduced large resistances when ions diffused in and out of
pores, reflected by the high IR drops. For the MnO2/AC
, a majority of the pores were covered on the surface by
rticle islands. The thickness of the islands was less than

easured by AFM, which reduced the ion diffusion dis-
d resistances, proved by the low IR drops.
ecific capacitance was calculated from GCD, according to
la:

t

V
(2)

t is the discharge time and m is the mass of electrode
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 (rate capability) were shown in Fig. 4f, the inset was the
ed rate capability. It was obvious that by applying this

(Fig. 5c) s
(50 mV/s
the micro
Fig. 5d, th
nd (f) rate capability (inset: normalized) of AC and MnO2/AC.

oating method, not only the specific capacitance was
 significantly, but also the rate capability was  improved
he micropores did not play an essential role in the super-
, avoiding the high diffusion resistances. The obtained
apacitances of MnO2/AC were 1126 F/g @ 0.5 A/g and

 4 A/g. The specific capacitance of the MnO2/AC compo-
much higher than that of the pristine activated carbon
@ 0.5 A/g), and it is still slightly lower than a recent lit-
alue (1405 F/g) on a polyaniline/mesoporous manganese
omposite [47].
cle stability (tested at 1 A/g) shown in Fig. 5a and its inset
ed cycle stability), after 3000 cycles, AC and MnO2/AC

 86% and 97% of the initial capacitances separately. Due
w ion diffusion resistances, MnO2/AC showed a better
bility than AC. The impedance measurements of AC and

 were shown in Fig. 5b, the equivalent series resistance
MnO2/AC was  0.73 � (inset, high frequency), almost the
that of AC. However, the diameter of the hemi circle for

 was 0.71 � (high to middle frequency), much smaller
 of AC, which represented lower ion diffusion resistance.
er to test the practical use of obtained AC and MnO2/AC, a
trode supercapacitor cell was built using the MnO2/AC as
ive electrode (+) and AC as the negative electrode (−). The
ulation was based on:

m+c+V+ = m−c−V− (3)

is the charge.
 1.2 mg  MnO2/AC as positive electrode, the corresponding
C for the negative electrode was  calculated to be 5.3 mg,
ass for the whole supercapacitor cell is 6.5 mg.  CV curves
how distortions from rectangular shapes at high scan rates
, 100 mV/s) due to the irreversible diffusion resistances in
pores of the AC. The GCD measurements were shown in
e corresponding specific capacitances (c) were calculated



52 M. Zhou et al. / Applied Materials Today 7 (2017) 47–54

Fig. 5. (a) C IS mea
MnO2/AC//A  densi

(141 F/g @
supercap
81% of in

The  en
ing to the

E (Wh/k

P (W/kg) 

where  E 

discharge
The  e

The asym
23.9 Wh/
2.2 kW/k
negative 

(11.1 Wh
ASC (15.
black//AC
identical 

[52], dev
the proce
ier and th
much che
from labo

4. Concl

Activa
by using
had a la
surface a

an  s
in a
ucti
unt 

isten
citan
on m
opor
oatin
nced
C he
ds o
creat
e cha

 of M
ix w

elect
us st
icles 

train
he c
hanic
s (te
apac

her c
 Wh/
racti

owl
ycle stability @ 1 A/g of AC and MnO2/AC (inset: normalized cycle stability); (b) E
C; (d) GCD of MnO2/AC//AC; (e) cycle stability @ 1 A/g of MnO2/AC//AC; (f) energy

 0.5 A/g, 81 F/g @ 4 A/g). The cycle stability of the whole
acitor cell was measured at 1 A/g (Fig. 5e), a retention of
itial capacitance remained after 3000 cycles.
ergy density and power density were calculated accord-

 formulas [48]:

g) = 1
2

cV2 × 1
3.6

(4)

= E

t
(5)

is the energy density, P is the power density, and t is the
 time.

nergy density vs. power density was shown in Fig. 5f.
metric supercapacitor possessed the energy density

kg @ power density 275.4 W/kg and 13.6 Wh/kg @
g, compared with the published works which had AC as the
electrode, it was higher than device Ni(OH)2/GNs/NF//AC
/kg @ 93 W/kg) [49], device NiCo2O4 NSs @ HMRAs//AC
4 Wh/kg @ 700 W/kg) [50], device MnO2 @ Carbon

 (11 Wh/kg @ 50 W/kg) [51]. Even though it was  almost
to device NixCo1−xLDHs//AC (23.7 Wh/kg @ 284.2 W/kg)
ice NiCo2O4-rGO//AC (23.32 Wh/kg @ 324.9 W/kg) [53],
dure to make the electrodes was much simpler and eas-
e cost of precursors and raw materials (bio-wastes) were
aper, which makes it possible to scale up the production
ratory level to industry level.
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